Pregnancy-associated glycoproteins (PAGs) are abundantly expressed products of the placenta of species within the Cetartiodactyla order (even-toed ungulates). They are restricted to this order and they are particularly numerous in the Bovidae. The PAGs exhibit a range of temporal and spatial expression patterns by the placental trophoblasts and probably represent a group of related proteins that perform a range of distinct functions in the epitheliochorial and synepitheliochorial placental forms. This review presents an overview of the origins of the PAGs, a summary of PAG expression patterns, and their use as markers of pregnancy status. Speculations about their putative role(s) in pregnancy are also presented.
Introduction
Pregnancy-associated glycoprotein (PAG) was identified by three independent research groups, explaining the process of its purification from bovine placental extracts and its accumulation in maternal blood (Butler et al. 1982 , Zoli et al. 1991 , 1992 , Mialon et al. 1993 , 1994 . Other names for PAG include pregnancy-specific protein B (PSPB) and PSP of 60 000 molecular weight (PSP60). For the purposes of this review, we will use the acronym 'PAG' or 'PAG1' (when referring to the first, or archetypal, member of the family). After the initial discovery of PAG, subsequent studies revealed an unanticipated complexity in the number of PAGs as well as in the nature of their expression by the placenta. It has become clear that the PAGs represent an unusual gene family that probably plays important roles in the function of the placenta in even-toed ungulates. This review attempts to give the reader an appreciation for the size and scope of the PAG family. It will present an overview of PAG production by the placenta. It will also provide some speculation about their putative roles in pregnancy and describe how PAGs can serve as useful markers for pregnancy detection and placental viability.
The PAG family
PAGs are abundantly expressed products of the placenta of species within the Cetartiodactyla order (even-toed ungulates; Szafranska et al. 1995 , Xie et al. 1997 , Garbayo et al. 2000 , Green et al. 2000 , Brandt et al. 2007 , Barbato et al. 2008 , Majewska et al. 2011 , Bériot et al. 2014 . They are represented in current sequence databases comprising Suidae (e.g. swine), Cetacea (e.g. orca), and Pecora (e.g. deer, domestic cattle, and giraffe) genome sequences, cDNAs, and ESTs.
Phylogenetic analyses have indicated that PAGs can be segregated into at least two groupings that were loosely defined as 'ancient' and 'modern' based on the time when each group arose (Hughes et al. 2000) . The ancient PAGs are predicted to have originated w87 million years ago, while the modern PAGs were estimated to have arisen 52 million years ago (Hughes et al. 2000; Fig. 1) . The majority of PAGs belong to the modern group and these have only been observed in the Ruminantia, with a particularly large expansion in the Bovidae (cattle, sheep, etc.; Telugu et al. 2009) . Indeed, the current bovine and ovine genome builds contain at least two dozen intact PAG genes as well as numerous PAG gene models that may encode functional proteins. Perhaps not unexpectedly, the sheer number and complexity of the PAG family leads to difficulty in nomenclature. For the most part, individual PAGs have been named using a numerical approach based on the order in which PAG cDNAs were subcloned and sequenced. Other PAGs are known only by their unique accession or locus identifier numbers. Some confusion can arise from this naming approach because the names of individual PAGs are rarely reflective of orthology (e.g. bovine PAG10 is not the ortholog for caprine PAG10, etc.). As the number and type of PAGs Figure 1 Phylogenetic tree of representative PAGs and other aspartic proteinases. Selective PAG-coding sequences were translated and aligned with representatives of the pepsin F, pepsin A, and cathepsin D families of proteolytic enzymes. A minimum evolution tree was used to represent the phylogenetic relationships. Genomic sequences and mRNAs that encode PAGs have been identified in three suborders within the Cetartiodactyla (Ruminantia, Cetacea, and Suidae). The majority of PAGs have been identified in the Ruminantia. The PAGs in this grouping consist of 'modern' PAGs that arose relatively recently; these are particularly well represented in the Bovidae. The 'ancient' PAGs are fewer in number and may reflect an origin that corresponds to around a time when the suborders within the Cetartiodactyl began to diverge. The PAGs chosen for the tree are displayed with a common name along with their unique GenBank accession number. The optimal tree from the analysis is shown. The percentage of replicate trees in which the associated members clustered together in the bootstrap test (1000 replicates) is shown next to the branches (only those with values O50% are shown). The tree is drawn to scale, with branch lengths in the same units as those of the evolutionary distances used to infer the tree. The evolutionary distance, which is shown in the key at the bottom, is reflective of the number of amino acid substitutions per site. The phylogenetic analyses were conducted in the MEGA6 program (Tamura et al. 2013) .
across the Cetartiodactyla become more clear, a more informative and useful nomenclature will need to be established for this grouping. The extensive PAG gene family appears to have arisen by duplication and the subsequent expansion of a gene known as 'pepsinogen F', which itself arose from duplication of an ancestral pepsinogen A-like gene (Hughes et al. 2003 ; Fig. 1 ). Both pepsin F and pepsin A are enzymes that belong to the aspartic proteinase family (Davies 1990 , Dunn 2002 . The aspartic proteinases possess a roughly symmetrical bilobed conformation that contains a cleft used to bind substrate proteins. Each lobe contributes an aspartic acid within a highly conserved sequence motif (Asp-Thr/Ser-Gly-Thr/Ser-Thr/Ser). The aspartic acids, along with a water molecule that is complexed between them, are critical for hydrolysis of substrate peptides. The central role of the aspartic acids in the catalytic mechanism is the reason for the name of this particular group of enzymes (Davies 1990) . Interestingly, the first PAGs that were cloned (bovine and ovine PAG1) either lacked one of the catalytic aspartates (ovine PAG1) or lacked one of the adjacent conserved residues (bovine PAG1) (Xie et al. 1991 , Green et al. 1998 . Consequently, these specific PAGs are probably incapable of acting as proteolytic enzymes. Subsequent cloning of additional PAGs revealed others that are also unlikely to be enzymes because of mutations within key residues in and around the catalytic site (Guruprasad et al. 1996 , Xie et al. 1997 , Green et al. 2000 , Brandt et al. 2007 . However, the majority of PAGs contain conserved features typically found in functional aspartic proteinases. In fact, proteolytic activity has been confirmed for a few of them (Telugu & Green 2008 , Telugu et al. 2010 . The extent to which the proteolytic activity of PAGs is relevant to their function during pregnancy is unclear, but some speculation about how such activity could reflect their role(s) in pregnancy is discussed later in this review.
Temporal and spatial expression of PAGs in the placenta
The localization and expression of PAGs have been most characterized in cattle with some work carried out in other ruminants and swine too. As mentioned in the previous section, the PAGs are particularly numerous in ruminant ungulates. This expansion of PAGs in Ruminantia is intriguing because there are aspects of the ruminant placenta that distinguish it from other species in the Cetartiodactyla -most of which have a diffuse epitheliochorial placental form (King 1993) . The synepitheliochorial placenta of ruminants has a number of intriguing characteristics including: i) two distinct trophoblast cell populations: binucleated giant trophoblasts and mononucleated trophoblasts; ii) multinucleated fetal-maternal syncytial cells that are formed by the fusion of trophoblast binucleated cells with uterine epithelial cells; and iii) regions of placentauterine interactions (in pecoran ruminants) that consist of villous chorionic 'cotyledons' that interdigitate with aglandular maternal uterine caruncles to form 'placentomes'. Interestingly, there is an exception in the Ruminantia suborder with regard to the third feature. Species in the Tragulidae family (chevrotain or mouse deer) have a diffuse placenta with no placentomes, although they do possess binucleated giant trophoblasts within their trophectodermal villi (Kimura et al. 2004) . These binucleated cells express PAGs that cross-react immunologically with those from the 'modern' grouping of other ruminants (Wooding et al. 2007) .
In domestic cattle, binucleated giant trophoblasts first begin to appear around the end of the 3rd week of pregnancy. They arise from mononucleated trophoblasts via mitotic polyploidy (Wathes & Wooding 1980 , Wooding 1983 , 1984 . At some point after they form, each mature binucleated cell will migrate through the microvillar junction (between the trophoblasts and the uterine epithelia) and fuse with a uterine epithelial cell to form a syncytial fetal-maternal cell. Subsequent fusion events lead to multinucleated syncytia. In Caprinae, such as sheep and goats, the syncytia persist throughout the pregnancy (Lee et al. 1985 , Wooding et al. 1986 . In cattle, a syncytial layer is rarely observed after approximately day 40 of gestation; instead, the fusion event results in short-lived fetal-maternal trinucleated cells (Wathes & Wooding 1980) . As was mentioned previously, these specialized binucleated trophoblasts, along with their distinct fusogenic capacity, distinguish the ruminant placenta from the epitheliochorial placenta. The ability to breach the uterine epithelial layer establishes a more direct access to maternal tissues compared with species with an epitheliochorial placenta. Consequently, the nature of fetal-maternal interactions can be quite distinct between these species, especially in the ability to deliver placental protein directly into the maternal system. Many proteins, such as the PAGs, placental lactogen, and the prolactin-related proteins, are located within secretory granules of binucleated trophoblasts (Duello et al. 1986 , Faria et al. 1990 , Xie et al. 1991 , Green et al. 2000 , Patel et al. 2004a . Upon release of the secretory granules, the binucleated cell-expressed proteins are delivered to the maternal uterine connective tissue and some of these can make their way into the maternal blood circulation , Zoli et al. 1992 .
The initial characterization of PAG expression in ruminant placentomes was performed by examining PAG transcripts via in situ hybridization of nucleotide probes in bovine, ovine, and caprine placentomes (Garbayo et al. 2000 , Green et al. 2000 . These studies revealed two basic expression patterns. Some PAGs were expressed in all trophoblasts (both mononucleated and binucleated), whereas others were localized to the Review of pregnancy-associated glycoproteins R117 www.reproduction-online.org
Reproduction (2015) 149 R115-R126 binucleated trophoblast giant cell population alone. At the time, this general distribution pattern seemed to correlate with PAG phylogeny, with ancient PAGs being present in all trophoblasts and modern PAGs being restricted to binucleated cells (Green et al. 2000) . Subsequent works in other species as well as more systematic localization (with PAG-specific antibodies) have indicated that the relationship between cell expression and PAG phylogeny is not so simplistic. For example, there are ancient PAGs in cervids (deer PAG4 and PAG5) that appear to be restricted to binucleated trophoblasts, while deer PAG3 (a modern PAG) was found to be expressed in both mononucleated and binucleated trophoblast cells (Brandt et al. 2007) . Indeed, immunolocalization with antibodies to bovine PAG10 (an ancient PAG) also exhibit binucleated cell localization despite that the message for bovine PAG10 seemed to have a broader trophoblast distribution (Green et al. 2000) ( Fig. 2A ). In contrast, another ancient bovine PAG (PAG8) exhibits immunolocalization to mononucleated trophoblasts, with a noticeable absence of expression in binucleated cells (Fig. 2C ).
The first systematic evaluation of PAGs by immunolocalization was performed by Wooding et al. (2005) in cattle. As was reported for the in situ hybridization experiments, they also observed that certain PAGs were localized exclusively to binucleated cells. Interestingly, some of these PAGs were shown to accumulate in the uterine stroma after release from the binucleate cell secretory granules ( Fig. 2A and B) . In contrast, other PAGs, such as bovine PAG2, were found to be expressed in all mononucleated trophoblasts, with localization to some, but not all, binucleated cells (Fig. 2D ). For those PAGs exhibiting this expression pattern, the secreted PAGs accumulated at the microvillar junction in a manner similar to what was also observed at the pig placenta-uterine interface (Wooding et al. 2005) . It is worth noting that a recent published work by Touzard et al. (2013) also investigated the expression of bovine PAG2 by immunolocalization. They observed mononucleated trophoblast staining, but they did not report immunolocalization of their anti-bovine PAG2 peptide antibody to binucleated trophoblasts.
Early attempts to quantify differences in relative transcript abundance in bovine placenta were made by Patel et al. (2004b) and Telugu et al. (2009) . In the former, the authors focused on two of the modern PAG members (bovine PAG1 and PAG9). They demonstrated that bovine PAG9 message was approximately ten times greater in abundance early in gestation (days 30 and 60) compared with the message for bovine PAG1; those results were consistent with previous reports that measured these same gene products qualitatively by RNase protection assays and northern blotting (Green et al. 2000) . Telugu et al. chose to investigate transcript abundance of five ancient bovine PAGs from day 45 until day 280 of gestation. A range of message profiles were identified, some of which were dramatically different from one another. For example, bovine PAG8 and PAG11 transcripts were found to be highest in day 45 cotyledonary RNA compared with other stages. In contrast, bovine PAG10 message was maximal in the day 280 cotyledonary samples. A recent paper from Touzard et al. (2013) sought to further characterize bovine PAG message and protein abundance in both cotyledonary and intercotyledonary chorion. These authors observed that most, but not all, of the modern PAGs were two to four times more abundant in cotyledons compared with intercotyledonary chorion. In contrast, most of the ancient PAG transcripts they tested were elevated in the intercotyledonary chorion compared with cotyledons. Immunolocalization with anti-peptide PAG antibodies performed on placentomes and intercotyledonary sections at day 220 of gestation revealed that bovine PAG1 and bovine PAG2 were Figure 2 Representative patterns of PAG immunolocalization in bovine placentome sections. Some variation in the localization of PAGs is apparent in bovids. Many PAGs are expressed by binucleate trophoblast giant cells (A and B). These cells can deliver the contents of their secretory granules (which includes PAGs along with other proteins) to maternal tissues upon fusion with a uterine epithelial cell. Some or all of the PAGs released in this manner can enter the maternal circulation. A subset of these PAGs can also become sequestered in the maternal uterine connective tissue; an example of such immunolocalization is indicated with the symbol (#) in A (see also Wooding et al. (2005) ). Another pattern observed is one in which localization is observed in mononucleate trophoblasts and the microvillar junction. In some cases, expression is undetectable in the binucleate trophoblast population (C). For other PAGs, there is localization to mononucleate trophoblasts and some, but not all, binucleate trophoblasts. (A) Immunostaining of a day 60 placentome section with an antibody raised against recombinant bovine PAG10. (B) Immunostaining of a day 75 placentome section with an MAB (A6) directed against multiple modern bovine PAGs (see ). (C) Immunostaining of a day 90 placentome section with an antibody raised against recombinant bovine PAG8. (D) Immunostaining of a day 150 placentome section with an antibody raised against recombinant bovine PAG2; the image was generously provided by Peter Wooding (Cambridge University). It is used with his permission. T, trophoblasts; UE, uterine epithelia; US, uterine stroma; and *binucleate trophoblast giant cells.
R118 R M Wallace and others present in binucleated and mononucleated cotyledonary trophoblasts respectively. Little or no staining was observed for bovine PAG2 in the intercaruncular chorion. Interestingly, antibody directed toward bovine PAG11-labeled binucleated trophoblasts from both the day 220 placentome and the intercotyledonary choriondespite that PAG11 is an ancient PAG. Although it was not examined by immunolocalization, Western blotting with the bovine PAG11 antibody strongly labeled proteins from day 16 bovine conceptuses, which occurs before the time when binucleated trophoblasts are formed in cattle (Wathes & Wooding 1980) . These data may suggest that a change in cell-specific expression occurs over the course of placental development for this particular PAG. Finally, the report by Touzard et al. (2013) also provided some evidence that binucleated trophoblasts may represent distinct cell populations that are distinguishable based on the PAGs they produce. An immunolocalization experiment was carried out in bovine placenta with antibodies against PAG1 and PAG11. In those experiments, they observed clear binucleated trophoblast immunolocalization, but with little colocalization of the staining.
In contrast to the range of PAG expression patterns observed in cattle (and other ruminants), expression of PAGs in swine is more uniform (Szafranska et al. 1995) . The porcine trophoblasts stain strongly with PAG antibodies (Whitworth et al. 2010) . In another report, the immunolocalization was disproportionately restricted to the microvillar junction rather than to the trophoblasts themselves (Wooding et al. 2005) .
The control of PAG gene transcription by the placenta is poorly understood. The regulatory regions immediately upstream of the transcription start sites for each gene are relatively conserved across the family and these regions contain some putative transcription factorbinding sites that appear likely to participate in their transcriptional regulation (Szafranska et al. 2001 , Telugu et al. 2009 ). However, none of these regions have been characterized in a systematic way and there is little mechanistic understanding of how PAG gene transcription is regulated.
In summary, the PAGs exhibit a range of different temporal and spatial patterns of expression throughout pregnancy. As a group, the ancient PAGs are usually detectable earlier in development (authors' unpublished data) and generally at greater abundance compared with the modern PAGs (Touzard et al. 2013) . The message profiles of individual PAGs can differ substantially from one another; some are elevated early in pregnancy, while others do not become abundant until later (Patel et al. 2004b , Telugu et al. 2009 , Touzard et al. 2013 . A further level of complexity arises from the fact that ruminant PAGs vary in their cell-specific expression (mononucleated vs binucleated trophoblast giant cells) and in the location(s) in which they accumulate after secretion. In light of the complex nature of their expression by the placenta, the potential functional roles that the PAGs might play during pregnancy are likely to encompass a number of possibilities. Some of those are discussed in the next section.
Possible functions of the PAGs
Roles for PAGs released at the microvillar junction Despite many years of study, the role that the PAGs play during pregnancy is unclear. However, one can speculate about their functions based on their expression patterns by the placenta as well as their proteolytic activity, if any. For example, Wooding et al. (2005) noted that some PAGs, such as bovine PAG2 and porcine PAG2, accumulate extensively at the placenta-uterine interface. Both of these PAGs are known to possess proteolytic activity (Telugu & Green 2008 , Telugu et al. 2010 . It seems possible that proteolytically active PAGs present at the interface could process latent growth factors that are known to be present at that location (Munger et al. 1998 , Rifkin et al. 1999 , Moussad et al. 2002 . Indeed, if one assumes that individual PAGs will exhibit distinct substrate specificities, each PAG could be targeting distinct growth factors. Another possibility proposed by Wooding et al. (2005) was that PAGs accumulating at the placenta-uterine interface might play a role in adhesion by acting as bridging molecules. The PAGs possess a peptide/substrate-binding cleft as well as N-and O-linked carbohydrate side chains (Xie et al. 1991 , Green et al. 1998 , Klisch et al. 2008 . Conceivably, the binding cleft could bind with a protein, such as an integrin, and the carbohydrates displayed on the PAGs could bind a lectin. Protein binding via the cleft may be possible even for those PAGs that possess proteolytic activity. Similar to most aspartic proteinases, those PAGs that can act as proteinases have maximum activity at relatively low pH (Telugu & Green 2008 , Telugu et al. 2010 . If the pH microenvironment is not low enough to promote proteolytic activity, the substrate-binding cleft could still serve as a docking site for other proteins. In such a scenario, a decline in the pH of the interface microenvironment (e.g. around parturition) would promote proteolytic activity, which could facilitate the disruption of the connections between trophoblast and uterine epithelia.
Potential roles for PAGs present in the maternal uterine stroma and in maternal blood
Some other considerations come into play for those PAGs that are produced and secreted by ruminant binucleated giant cells. This group of PAGs forms the basis of a pregnancy test in ruminant ungulates (described in the next section). These PAGs are likely to engage in roles that are distinct from those played by others that accumulate at the interface. Some of the binucleated cell-specific PAGs become sequestered in the maternal uterine stroma not far from the area of delivery ( Fig. 2A ; Wooding et al. 2005) . In order for this to occur, these PAGs must have some adhesive capacity, although it is unclear what the nature of that binding might be. As was proposed for those PAGs localized at the placenta-uterine interface, the peptide-binding cleft or glycosylation moieties could participate in the sequestering of the PAGs in the uterine stroma. Regardless of how the localization in the uterine stroma is occurring, their presence places these PAGs in a position to influence maternal physiology, especially the maternal immune system. In fact, there is some experimental evidence suggesting that at least one PAG can influence immune function.
Proposed immunomodulatory actions of PAG1/PSPB
Both experimental and circumstantial evidence suggest that PAGs may be able to affect immune function in cattle. For example, bovine PAG1/PSPB treatment can decrease hematopoietic cell proliferation (Hoeben et al. 1999) and increase the release of granulocyte chemotactic protein 2 (GCP2) from bovine endometrial cells (Austin et al. 1999) . PAGs can also bind relatively well to uterine serpins in vitro (Mathialagan & Hansen 1996) . The uterine serpins have immunomodulatory activities and it is possible that the PAGs could be augmenting such actions (Skopets et al. 1995 , Liu et al. 1999 , Peltier et al. 2000 . Finally, it may be notable that polymorphonuclear neutrophil leukocyte activity and other immune cell activities in periparturient cows are lowest around parturition (Kehrli et al. 1989 , Saad et al. 1989 , Hansen 2013 . Circulating PAGs in cattle increase markedly at term (discussed later in this review). If PAGs possess immunomodulatory or immunosuppressive activities (Dunbar et al. 1990 , Hoeben et al. 1999 , 2000 , they may be contributing directly or indirectly to the observed suppression of immune function around the time of calving.
The mechanism through which these immunomodulatory responses are taking place is unknown. Currently, there is little evidence in the literature to suggest that PAGs are stimulating cell targets via a classical receptor signaling pathway. It seems possible that certain PAGs could be generating ligands via their proteolytic activity, which are responsible for these signals. Another possibility is a direct action upon receptors that are activated by proteolytic cleavage (Fu et al. 2015 , Zhao et al. 2014 . Finally, a PAG-associated immunomodulatory role may be due to the glycosylation moieties displayed on the PAGs. PAGs purified from mid-gestation placenta possess a major carbohydrate that consisted of a tetra-antennary glycan with bisecting N-acetylglucosamine with terminal Sd a antigens (Klisch et al. 2008) . This glycan could provide some degree of protection to the placental semi-allograft. For example, cells susceptible to lysis by NK cells can be made resistant to such lysis by increasing the proportion of bisecting N-acetylglucosamine on their surface glycoproteins (Yoshimura et al. 1996) .
Proposed luteotrophic actions
In addition to the putative immunomodulatory actions of PAG/PSPB, there are experimental results that suggest that PAG/PSPB could have a luteotrophic role in cattle and sheep. For example, PSPB treatment of luteal cells resulted in an increase in measurable prostaglandin E 2 (PGE 2 ; Del Vecchio et al. 1996 , Weems et al. 1998a . PGE 2 has luteotrophic and anti-luteolytic actions in ruminants. A protein acting as a luteotrophic compound might be expected to cause an increase in progesterone production from luteal cells. Indeed, bovine PSPB administration to luteal cells has been reported to increase progesterone concentration in the conditioned media, although this response has not been observed consistently (Del Vecchio et al. 1995 , Weems et al. 1998b ). Interestingly, PSPB was able to increase progesterone only in corpora lutea from the estrous cycle (day 14); corpora lutea obtained from day 200 of pregnancy did not exhibit such an increase (Weems et al. 1998a,b) .
When administered to cultured endometrium, PSPB produced an increase in PGE 2 in the media. This observation was made in cultures of both bovine endometrium and ovine caruncular tissue (Del Vecchio et al. 1990 , Weems et al. 2003 .
Clearly, there is some experimental support for either an immunomodulatory role or a luteotrophic role for the binucleated trophoblast-specific PAGs. These putative functions (luteotrophic vs immunomodulatory) seem quite distinct from one another and appear difficult to reconcile. The number and diversity of modern PAGs argues against a luteotrophic role for all the members of this group. In other words, it is not clear why the ruminant conceptus would produce large numbers of different luteotrophic proteins when one or a few would suffice. The possibility that PAGs are immunomodulatory or immunosuppressive could explain the conspicuous presence of dozens of PAGs with the peptide-binding capacity expressed at the placenta-uterine interface. As stated earlier in this review, the accumulation of binucleated trophoblast (modern) PAGs in the maternal stroma would position them to potentially influence lymphocyte or PMN leukocyte migration and/or activation. However, if binucleated trophoblast PAGs are indeed immunosuppressive, the biological advantage gained by allowing them to escape into the maternal circulation (and accumulate to high concentrations) is a mystery. In fact, it could have serious consequences for the ability of the mother to fight infections during pregnancy.
One might wonder if there is a way to reconcile the apparent discrepancy between these experimental R120 R M Wallace and others observations. A likely possibility is that the modern PAGs actually represent a multifunctional group. If this is the case, then the potential that PAGs could act as luteotrophic compounds to increase PGE 2 production from endometrium, CL, and/or placenta is distinctly possible because a specific PAG could serve in such a capacity. It is also likely that the PAG1/PSPB preparations used in these studies may have contained multiple PAGs (Butler et al. 1982 , Zoli et al. 1991 , which could explain how different research laboratories could obtain differing results using similar isolates. Another possibility is that the two proposed models for PAG function are actually looking at the same basic phenomenon. The proluteotrophic hypothesis is based on the ability of PAG to increase PGE 2 (Weems et al. 2003) . It is worth noting that PGE 2 also possesses potent immunosuppressive activity and can inhibit proliferation of T lymphocytes at nanomolar concentrations (Low & Hansen 1988) .
Therefore, it is apparent that a great deal of more experimental work needs to be carried out to better define the function of the PAGs in ungulate pregnancy. In light of the diversity of PAGs within and across species, it seems likely that PAGs play multiple roles related to placental development and function in the Cetartiodactyla.
PAGs as circulating markers to study placental function and as tools for reproductive management of livestock
Although no clear function of PAGs has been identified, their accumulation in maternal blood of ruminant ungulates has become a useful tool for monitoring pregnancy. Indeed, majority of the published works on PAGs have focused on the development of a reliable tool for diagnosing pregnancy in ruminant species, including cattle, sheep, goats, bison, moose, and elk , Wood et al. 1986 , Ruder et al. 1988 , Green et al. 1998 , Willard et al. 1999 , Szafranska et al. 2006 .
Identifying the presence of an embryo as early as possible is of considerable commercial interest to cattle producers -particularly those in the dairy industry (LeBlanc 2013). Consequently, there have been many attempts to identify pregnancy markers for use in cattle. Some examples include the following: early conception factor that becomes elevated by day 2 post-insemination in cattle (Cordoba et al. 2001 , Ghaffari Laleh et al. 2008 ; interferon-stimulated genes increase in circulating leukocytes between days 16 to 20 post-insemination (Gifford et al. 2007 ; progesterone concentration in milk can be used to distinguish between pregnant and nonpregnant cattle between days 20 to 24 post-insemination (Nebel 1988) ; and finally, circulating PAGs can reliably identify pregnant cattle by day 30, with some assays able to measure PAGs even a few days earlier (beginning at approximately day 25 post-insemination) , Zoli et al. 1992 .
PAG1 (PSPB) has been the primary PAG of interest for pregnancy diagnosis in cattle , Zoli et al. 1992 , although more recently developed assays may be recognizing PAGs that are immunologically distinct from PAG1 (Perényi et al. 2002 . Various PAG/PSPB assays have been commercialized and there are now companies that provide pregnancy diagnosis services based on PAG detection for cattle, sheep, goats, bison, and wildlife. Overall, the PAG assays are generally reliable and their accuracy in detecting bovine PAGs in maternal blood and milk has been reported to range from 93 to 96% (Silva et al. 2007 , Pohler et al. 2013 . Even so, the tests have shown spurious results in certain subsets of animals on occasion. For example, pregnant cows with a viable embryo (evidence of a heart beat), which do not have detectable circulating concentrations of immunoreactive PAGs (Pohler et al. 2013) , have been identified by realtime ultrasonography. Currently, it is not known whether the fetuses in these pregnant cows are producing PAGs that are unable to accumulate sufficiently in the maternal circulation or whether the PAG antibodies used in the assay cannot detect PAGs from those particular animals. Despite many years of study, it is not fully understood as to which PAGs are most abundant in the maternal circulation during pregnancy or which circulating PAGs are most readily detected by the antibodies employed in the current assays. There are also examples of PAG immunoreactivity found in nonpregnant females and male animals, although these putatively 'positive' samples represent only a minor proportion of tested animals (Zoli et al. 1992 . At present, the source of this immunoreactivity in certain nonpregnant animals is not known.
Some notable features of circulating bovine PAGs relate to their rather high concentration (1-5 mg/ml) immediately before parturition and their relatively long half-life (8-10 days) in the post partum period (Sasser et al. 1989 , Zoli et al. 1992 , Kiracofe et al. 1993 , Melo de Sousa et al. 2003 . Interestingly, the measurable half-life appears to differ depending on when during pregnancy it is measured. The different PAG antibodies and assay platforms may also explain why published reports sometimes give rise to different results regarding PAG concentrations and half-life. In a few similar studies, circulating PAGs were monitored following induced late embryonic abortion in pregnant heifers (Szenci et al. 2003 , Giordano et al. 2012 , Pohler et al. 2013 . The estimated half-life ranged from 2.7 to 3.9 days (Szenci et al. 2003) to 35.8G21.9 h (meanGS.D.) (Pohler et al. 2013) . These differences in the half-life of PAGs are probably due to detection of different members of the PAG family or to the detection of differentially glycosylated variants of the same PAG family members during pregnancy or the post partum period.
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As one might predict, the persistence of PAGs well into the post partum period can limit the use of PAGs as a pregnancy detection tool due to the potential of false positives if animals are successfully rebred soon after calving. Therefore, efforts have been made to selectively detect circulating PAGs that are relatively less abundant at term or that have a shorter half-life compared with PAG1 . Those efforts have had some limited success; a monoclonal-based ELISA has been established that targets PAGs with a relatively shorter half-life (4.3 days), while still permitting pregnancy diagnosis by day 28 of gestation ( Fig. 3 ) . Although there was still a substantial rise of circulating PAGs at term, PAGs were undetectable in maternal blood by 8 weeks post partum in 95% of the cows that were tested . Consequently, measuring PAGs that have a shorter halflife than bovine PAG1 helped overcome some of the difficulty that arises from the persistence of PAG far into the post partum period.
In addition to serving as an accurate tool for diagnosing pregnancy in ruminants, PAGs may also serve as a marker for monitoring embryonic/fetal viability and placental function. For example, beef cows that successfully carried a pregnancy past day 72 of gestation had higher concentrations of PAGs on day 28 compared with cows that exhibited late embryonic/fetal mortality sometime between days 28 to 72 ( Fig. 3C ; Pohler et al. 2013) . Furthermore, circulating concentrations of PAGs were decreased on day 41 post-insemination in beef cows that experienced embryonic/fetal loss compared with cows that maintained pregnancy (Perry et al. 2005) . In the preceding studies, all cows were assessed by ultrasound to have a normal embryo with a heartbeat on day 28 of gestation. Similar results have been reported in dairy cows (Humblot et al. 1988 , Breukelman et al. 2012 and sheep (Wallace et al. 1997) . Collectively, these data suggest that measurement of circulating PAGs in ruminant ungulates may serve as a useful animal management tool for identifying pregnant animals that are likely to undergo loss of the fetus.
In the examples provided in the previous paragraph, circulating PAGs were found to be lower in pregnant animals more likely to abort the pregnancy -probably due to placentas that are compromised in some manners. However, there are situations in which altered placental function results in an elevation in the levels of circulating PAGs. In cattle, the use of somatic cell nuclear transfer (SCNT) usually results in a higher incidence of embryonic/fetal loss throughout gestation. These losses are generally thought to be the result of abnormal placental development, as reflected by a decrease in placentome numbers (Hill et al. 2000 , Lee et al. 2004 . Hashizume et al. (2002) demonstrated that mRNAs for placental lactogen and PAGs were reduced in SCNTderived pregnancies compared with control pregnancies. Somewhat unexpectedly, circulating concentrations of . Circulating PAGs begin to rise rapidly in maternal blood during the 4th week of pregnancy. The levels decline at w8-10 weeks and then begin to rise steadily through the rest of pregnancy. Approximately 1-2 weeks before parturition, circulating PAGs increase dramatically once again to peak around the time of calving. The inset picture is shown to better illustrate the rapid elevation in the levels of circulating PAGs early in bovine pregnancy. These results are compiled from values reported previously . (B) Representative PAG serum profile as is typically observed in domestic sheep (Ovis aries). Circulating PAGs in small ruminants can exhibit pronounced biphasic profiles. Typically, there are two peaks during the course of pregnancy; one rise occurs around the end of the first trimester and the second one is at term. Profile values are compiled from results reported previously (Egen et al. 2009 ). (C) Serum concentrations of PAG in samples collected on day 28 from cattle with a viable embryo. Those animals that maintained a pregnancy beyond day 72 of gestation had significantly elevated levels of PAG compared with those animals that subsequently lost the pregnancy after day 28 but before day 72. Image is modified from Pohler et al. (2013) . (D) Circulating PAG concentrations from surrogate cows (at day 62 of gestation) that received either SCNT-derived embryos or control embryos. PAG/PSPB concentrations measured in three different assay platforms were significantly elevated in those animals carrying SCNT-derived embryos. The labels along the bottom indicated the different PAG antibody RIAs used to quantify PAG/PSPB. The image is modified from one in Constant et al. (2011) .
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PAGs have been shown to be greater in recipient cows receiving SCNT-derived embryos compared with control embryos (Chavatte-Palmer et al. 2006 , Constant et al. 2011 . Furthermore, PAG concentrations were higher in recipient cows at day 35 (Hill et al. 2000) and day 50 (Heyman et al. 2002) of gestation for animals that received an SCNT embryo that subsequently aborted during the first trimester compared with cows that maintained a pregnancy. These observations may reflect some of the structural alterations at the placenta-uterine interface that have been described in SCNT pregnancies; such changes may lead to an increased opportunity for uptake of trophoblast products by maternal epithelia (Pereira et al. 2013) . Constant et al. (2011) reported that the increase in maternal concentrations of PAGs in cows that received an SCNT embryo was likely not due to an increased number of binucleated cells or an increased synthetic activity of binucleated cells; they predicted that it was most probably due to an augmentation in the half-life of the PAGs detected in the assay.
Briefly, the profiles of PAGs in the maternal circulation can be affected by a number of factors. In addition to those described in this review, circulating concentrations of PAGs are also influenced by other factors such as breed, weight, parity status of the dam, fetal sex, fetal number, fetal birth weight as well as the assay platform/antibodies used to perform the PAG measurements themselves (Patel et al. 1997 , Echternkamp et al. 2006 , Lobago et al. 2009 , Mercadante et al. 2013 . Despite the often perplexing differences observed in circulating PAGs, the measurement of these proteins in maternal blood and milk is becoming a common practice for pregnancy detection in many ruminant production systems. It also seems likely that PAGs will continue to be used as biochemical markers to better understand the reproductive physiology as well as finding use as diagnostic tools for making animal management decisions in livestock and captive animal programs.
Summary
The PAGs are major secretory products of the artiodactyl placenta that have been the subject of extensive investigation for more than three decades. However, many aspects of these proteins remain a mystery. The large number of PAG gene products, which exhibit a range of temporal and spatial expression patterns, suggests that they may play a number of functional roles at the placenta-uterine interface. The fact that many appear to be capable of performing proteolytic activity, while some are unlikely to act in this way, further adds to their complexity. The accumulation of some PAGs in maternal blood (in the Ruminantia) opens up the possibility of actions directly upon the maternal system (e.g. ovaries, etc.). Clearly, a great deal of work remains to be carried out in order to achieve a real understanding of these molecules. The PAGs present in different suborders within the Cetartiodactyla (e.g. Suidae, Cetacea, and Ruminantia) are distinct enough from one another that there are no obvious orthologous members between these groups ( Fig. 1)  (Hughes et al. 2000) . Presumably, the PAGs are filling niches unique to the (syn)epitheliochorial placental forms represented in this phylogenetic order. Future insights gained about these proteins will correspondingly provide new insights into how cetartiodactyl placentas have become refined since the order arose.
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